Abstract. This paper describes a kinetic analysis of the hydrolysis of aluminum nitride (AlN) powder under highly alkaline conditions, in which the temperature dependence of the hydrolysis rate was measured to derive the most suitable kinetic reaction model. The hydrolysis reaction,
the remelting process of waste aluminum, contains AlN as a major component. The hydrolysis of waste aluminum and aluminum dross using alkaline solution has been recently proposed [1] [2] [3] for the recycling of aluminum resources. Interestingly, we reported that pressurized hydrogen, together with a byproduct of aluminum hydroxide, could be generated successfully by the hydrolysis of waste aluminum chips. Although this was quite attractive from the viewpoint of a material-cycle society, the chemical compositions of aluminum chips and aluminum dross are essentially different; whereas the former does not contain AlN, the latter often contains as much as 25 mass% of AlN. This AlN generates ammonia by hydrolysis and causes smell pollution.
Over the last few years, several papers have been published on the mechanical and physical properties of AlN [4] [5] [6] [7] . The kinetics between its powder and various solutions were also reported. For example, Reetz et al. [8] reported that at pH levels less than 7, the hydrolysis proceeds very slowly, even at elevated temperatures. Taylor and Lenie reported some properties of AlN, in which the corrosion rate of AlN powder in the acid solution is quite small, even at boiling temperature [9] . In addition, many papers have reported that the hydrolysis of AlN powder and substrates occurs in deionized water or moist air [8, [10] [11] [12] [13] . Bowen et al. [13] found that the hydrolysis of AlN in water obeys first-order, surface chemical reaction kinetics, first producing a porous amorphous AlOOH that ultimately changes to crystalline Al(OH) 3 . The hydrolysis rate of AlN powder in alkaline solution, as reported by Fukumoto et al. [14] , was accelerated in a solution of NaOH compared to deionized water because of the catalytic property of NaOH. In this work, the hydrolysis was expressed by the following equation [15] [16] [17] [18] [19] [20] [21] :
In alkaline solutions, aluminum was dissolved in high pH solutions on the basis of the following potential pH equilibrium:
.
The aforementioned papers greatly contributed to elucidating the phenomena of AlN hydrolysis under different conditions. However, the kinetics of AlN powder hydrolysis are not yet adequately explained, despite their significance in many engineering applications. Therefore, the purpose of this paper is to study the hydrolysis rate of pure AlN powder in a NaOH solution, by primarily examining the reaction mechanism, reaction rate constant, and activation energy. In experiments, the reaction rate was measured by monitoring the concentration of dissolved aluminum using inductively coupled plasma-optical emission spectrometry (ICP-OES), and the phase of the product was identified by an X-Ray Diffractometer (XRD) with Ni-filtered CuK˛radiation.
Experimental Procedure
AlN powder (1.0 g; purity, 99.9 mass%; particle size, 1.2 µm; Kojyundokagaku, Japan) was introduced into 1000 mL of NaOH solution. To prepare the solution, grains of NaOH (purity, 99%; Kojyundokagaku, Japan) were dissolved in 1000 mL of deionized water with vigorous stirring. Table 1 lists the experimental conditions used in this study, where M AlN is the number of moles of aluminum, and V NaOH , C NaOH , and T are the volume, concentration, and temperature of the NaOH solution, respectively. During the experiments, care was taken to maintain the solution at a constant temperature of the desired values: 295, 300, 305, 310, 316, and 327 K. A water bath with an electric heater was used for this purpose. The amount of AlN (1.0 g) used, compared to the amount of solution (1000 mL), was sufficiently small to allow the influence of exothermic heat in Eq. (1) to be neglected. Each experiment was performed twice to measure the aluminum concentration of the solution periodically by ICP-OES, and to identify the hydrolyzed AlN using XRD and SEM. Samples for the measurement of ICP-OES were prepared according to the following procedure; a liquid sample of 5 mL was first taken from the solutions by a syringe, and then filtered using a syringe filter with a pore size of 0.2 µm to remove unreacted raw material. This procedure was repeated every 30 s 
The hydrolysis ratio, X B , is expressed by
Here, C Al 3C is the concentration of Al 3C (mol=mL); V NaOH , the solution volume (mL); and W 0 AlN , the initial number of moles of AlN (mol).
Results and Discussion
The measurements began immediately after the AlN powder was introduced into the NaOH solution in the reactor. Figure 1 shows the measured transient X B values at 300 K for different NaOH concentrations. No appreciable reaction occurred in NaOH-free water. The reaction rate depended on the NaOH concentration. That is, it increased with the NaOH concentration up to 1.0 M NaOH; however, it did not depend solely on the concentration above this value. Reetz et al. [8] reported the same phenomenon in which mass transfer resistance for hydrolysis was negligible over 1.0 M NaOH. In fact, since the recycling process for waste aluminum and aluminum dross was operated under highpH conditions [1, 2] , the NaOH concentration was fixed at 1.0 M in the runs of (a) to (e) listed in Table 1 . Figure 2 plots X B versus the reaction time at different temperatures of 295, 305, 310, 316, and 327 K for the same 1.0 M NaOH solution. The results show strong temperature dependence of the reaction rate; for example, at 295 K, X B was only 60% after 15 ks, whereas at 305 K, the reaction was complete in only 11 ks. During the experiments, the solution temperature was constant within˙0:5 K.
Various equations have classically been proposed for solid-fluid reaction rate models (Table 2) . Here, the models are expressed by the relationship between the reaction time t and X B and grouped into three classes: unreacted core, shrinking sphere, and homogeneous reaction models. The observed data were plotted in an X -Y diagram accord- Table 2 . Evaluated kinetic models expressed in terms of t -X B , together with obtained determination coefficients used to simulate experimental data for the hydrolysis of AlN in 1.0 M NaOH at 305 K. Here, is a constant; k, the rate constant; X B , the hydrolysis ratio; and t , the reaction time. ing to the equation for each model, and the degree of fit was evaluated from the linearity of the plotted data using regression analysis. Table 2 also provides the determination coefficients for each model. Unreacted core models, apart from the ash diffusion model, and shrinking sphere models did not simulate the data well. Their determination factors were all less than 0.90.
Two models showed good determination coefficients: the ash-diffusion-controlled unreacted core model (R 2 D 0:971) and the second-order homogeneous reaction model (R 2 D 0:997). However, the ash-diffusion-controlled unreacted core model is unreasonable because it does not agree at all with the phenomena observed in the experiments. In fact, ash did not generate around the particles. Figure 3 shows the X-ray diffraction (XRD) patterns of samples recovered after 0, 480, 900, 1500, and 2400 s. Here, all of the detected peaks corresponded only to those of AlN. This indicates that no crystalline byproducts were generated around the AlN particles. In addition, D. Panias et al. [22] reported that the Al(OH) 4 complex ion is the predominant species at pH levels above 10. According to the measurements of the pH meter in the present experiments, the initial pH of 1 M NaOH(aq) was 13.35. Thus, we judged that only Al(OH) 4 exists as a stable phase under the present experimental conditions and that an amorphous phase did not generate around the particles. Therefore, the optimum model was determined from the maximum determination coefficient, R 2 , as given in Table 2 . The second-order homogeneous reaction model (R 2 D 0:997) was selected as the optimum reaction model. Figure 4 shows the kinetic analysis plots for secondorder reactions from the experimental data for the hydrolysis of 1.0 g of aluminum nitride in a 1.0 M sodium hydroxide solution. The lines are plotted from a linear regression analysis of the experimental data. The second-order reaction is well known [23] and is represented by the following equation:
where C AlN is the concentration of AlN; C AlN and C 0 AlN , the critical and initial concentrations of AlN, respectively; r AlN , the hydrolysis rate of AlN; t , the reaction time; and k, the hydrolysis rate constant of AlN. Integrating Eq. (4) 5).
Equation (5) can be rewritten as follows:
Here, X B is given by the following equation: Combining Eqs. (6) and (7), we have
This shows a linear relationship between 1=C 0 AlN and t . The straight lines in Figure 4 fit the data well. The k value was also calculated from the slope of the line.
The linearity of ln k versus T 1 is seen in the following equation:
Equation (9) can be written as
where E a is the activation energy; R, the ideal gas constant (8.314 J mol 1 K 1 /; B, a constant; and A, the preexponential factor. Figure 5 shows the temperature dependence of the hydrolysis rate constant of AlN in 1.0 M NaOH calculated from the slope of the line in Figure 4 . The data agreed well with Arrhenius' law and showed good linearity. The activation energy calculated from the slope of the line was E a D 69:2 kJ mol 1 . In general, this value appears reasonable under the conditions of chemical reaction control. As a result, X B is related to k and C 0 AlN as shown in Eq. (11):
Introducing the values C temperature. Figure 2 also shows the hydrolysis curves calculated for 295, 305, 310, 316, and 327 K. These curves confirm that Eq. (11) simulates the measured data well.
Conclusions
The hydrolysis reaction of AlN in a NaOH solution at different temperatures was measured to derive the reaction rate equation. The reaction was expressed by AlN C NaOH C 3H 2 O ! NaAl(OH) 4 (aq) C NH 3 without the generation of a solid product. The following conclusions were obtained from the results and discussion.
(i) A NaOH solution concentration of 1.0 M was sufficient to remove mass transfer resistance in the boundary film around the particles when 1.0 g of AlN powder was introduced into 1000 mL of a NaOH solution ranging from 0.5 to 1.5 M in concentration.
(ii) Only Al(OH) 4 exists as a stable phase under the experimental conditions of this study. A comparative analysis of conventional reaction models revealed that the equation of the second-order homogeneous reaction model can simulate experimental data most successfully.
(iii) The rate constant of the hydrolysis reaction was well expressed by k D 1:2 10 8 exp. These results will be useful for understanding not only the AlN hydrolysis mechanism, but also the corrosion behavior of AlN in an alkaline solution. The kinetic data will be useful to analyze the treatment of aluminum dross involving generation of hydrogen and ammonia as a byproduct.
